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(This abstract is UNCLASSIFIED. )

ABSTRACT

Pressure distribution and force tests were made on an Apollo
command-module re-entry configuration in the 50-in. Hypervelocity
Tunnel (HS-2) at Mach number 19 and a Reynolds number of about
85, 000 based on model maximum diameter. Angle of attack ranged
from 0 to 60 deg.
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NOMENCLATURE

Axial-force coefficient in model axis
Model drag coefficient

Model lift coefficient

Pitching-moment coefficient about reference center of gravity
Normal-force coefficient in model axis
Model maximum diameter, 6. 160 in.
Tunnel throat diameter, in.
Free-stream Mach number

Local static pressure on model, psia
Free-stream static pressure, psia
Reservoir pressure, psia

Total pressure behind normal shock in test section, psia

Free-stream dynamic pressure, psia
Model maximum radius, 3.08 in.

Free-stream Reynolds number based on model maximum
diameter

Reference area, 29.8 in. 2

Ratio of surface distance measured from heat-shield center
to model maximum radius

Free-stream temperature, °K

Reservoir temperature, °K

Free-stream velocity, fps

Model angle of attack referenced to center of heat shield, deg
Angle of orifice meridianal plane reference to vertical, deg

Turning angle between velocity vector and local body
tangent, deg

Free-stream density, atm

Reservoir density, atm (reference density = 0.0780641 1b/£t3)
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1.0 INTRODUCTION

At the request of the Manned Spacecraft Center, NASA, Houston,
Texas, through North American Aviation, Inc., Space and Information
Systems Division, Downey, California, pressure distribution and force
tests were conducted with the PS-4 and FS-4 Apollo command-module
re-entry con,figu'rations in the 50-in. Hypervelocity Tunnel (Hotshot 2)
of the von Karman Gas Dynamics Facility (VKF), Arnold Engineering
Development Center (AEDC), Air Force Systems Command (AFSC),
USAF, during the period from June 18 to July 11, 1962. The test Mach
number was approximately 19 and the Reynolds number was about
0. 085 x 106 based on model maximum diameter (6.16 in.). The model
angle of attack ranged from 0 to 60 deg.

The purpose of these tests was to obtain experimental pressure,
force, and moment data on the Apollo re-entry configuration at extreme
hypersonic Mach numbers. These tests are part of a general test pro-
gram to document experimentally the aerodynamic characteristics of
the Apollo vehicle over a wide range of test conditions compatible with
the expected flight regime.

2,0 APPARATUS

2.1 WIND TUNNEL

The 50-in. Hypervelocity Tunnel (Hotshot 2), Fig. 1, is an arc-driven,
blowdown wind tunnel with a 50-in. -diam test section. Nitrogen, initially
confined in the arc chamber, is heated and pressurized to approximately
3500°K and 10, 000 psia by generating an electric arc in the chamber. Upon
rupture of a mylar diaphragm, the heated gas expands through a conical
nozzle to the test section where Mach numbers of approximately 19 are
obtained. Additional description of this tunnel is included in Ref. 1. Copper
arc-chamber liners and semicon-tungsten throats, 0.281 inch in diameter,
were used for these tests.

2.2 MODELS

The PS-4 (pressure) and FS-4 (force) models were supplied by the
Space and Information Systems Division, North American Aviation, Inc.,
Downey, California. Drawings of these models are presented in Figs. 2a
and b, and Figs. 3a through d are pictures of the models.

Manuscript released by author September 1962.
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2.3 INSTRUMENTATION

The PS-4 model was instrumented to measure surface pressures
with variable-reluctance-type transducers mounted inside the model
within 0.5 in. of their corresponding orifices at the model surface to
give a rapid time response.

The test section pitot pressure - was measured at points 6 in. above
and below the tunnel centerline. The arc-chamber pressure was meas-
ured at two points within the chamber with strain-gage-type, high pres-
sure transducers. Also, schlieren photographs and Fastax movies were
taken during each run.

The FS-4 model was instrumented with a three-component, strain-
gage-type balance aligned at 30 deg to the model axis of symmetry in an
effort to minimize sting interference at high angles of attack. The three
components of force which were measured are an aft and forward normal
force and an axial force. The two normal-force gages were connected
with a compensation network in an effort to minimize sting~oscillation
acceleration effects. The compensation system was effective, and the
data obtained by this means were used in all but two of the force runs
(0 and 20 deg).

A complete discussion of the instrumentation used in the hotshot
tunnels and a discussion of the compensation technique are given in
Refs. 2 and 3.

2,4 PRECISION

The response of the variable-reluctance pressure transducers is
linear within +2 percent. This variation results in an overall repeat-
ability in p/p,, of 5 percent. :

The repeatability of the force measurements during static calibra-
tion was within +1 percent of the rated load, which is 20 1b on all gages.
In conjunction with other random errors, the increment of uncertainty
in the force measurement is about 0. 05 in coefficient form. In all cases,
the measured timewise variation of the coefficients was within +5 percent.

3.0 RESULTS AND DISCUSSION

The arc-chamber and test section conditions are tabulated in Table 1
for each run. The values presented are averaged over the time interval
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during which quasi-steady flow was established in the test section.
Table 2 is a tabulation of p/pg for each orifice on PS-4 for each of the
test angles of attack. A sketch of the PS-4 model denoting the orifice
locations is presented in Fig. 4. The places where a dashed line is
shown in Table 2 denote that the local pressure was too low (less than
0. 03 psia) for the transducer to measure reliably, with the exception
of orifice 67. The transducer for that orifice failed after Run 1239,

3.1 PS-4 PRESSURE MODEL

Before the discussion of the pressure results is made, a few words
regarding observed gage reliability and run-to-run repeatability are
warranted. The gage reliability can be determined by comparison of
the results in Table 2 for either Run 1236 or 1245. The measurements
at equal s/R values but different meridians show a +5 percent variation.
Likewise, a comparison of Runs 1236 and 1245 or 1239 and 1240 exhibit
a run-to-run repeatability of 5 percent.

Typical pressure distributions for selected angles of attack are
presented in Fig. 5. Also shown in Fig. 5 is a theoretical distribution
computed from modified Newtonian theory, which is

p/po ~ sin2 1

neglecting p, which introduces only a 5 percent error whenever the

local pressure is as low as 0.03 psia. The scale along the radial lines is
one in. equals a p/p, of unity, and the symbol size reflects a +0. 05 varia-
tion in p/pz); hence, for values near unity the symbol covers the range of
uncertainty in the experimental results.

As can be seen in Fig. 5, within the experimental uncertainty there
is good agreement with modified Newtonian theory, except in the shoulder
regions. The lack of agreement in the shoulder region would be expected
inasmuch as the sonic point near the shoulder is established ahead of that
predicted by Newtonian theory. This phenomenon was observed in Ref. 4,
which is a general parametric study of blunt bodies, as well as on the
Mercury configuration, as presented in Ref. 5.

At high angles of attack on the windward side of the model at the
shoulder, there is a strong interaction of the bow shock with the shoulder,
resulting in a stagnation point shift toward the center of the heat shield,
away from that predicted by Newtonian theory. This shift causes the pres-
sure on the windward side of the heat shield to be higher than theory. The
interaction can be seen in a typical schlieren presented in Fig. 8.
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3.2 Fs-4 FORCE MODEL

In the previous section it was shown that the experimental pressure
fell significantly below the theoretical results in the shoulder region for
low angles of attack. In fact, this effect is large enough to cause a
20 percent discrepancy between the measured drag coefficient and that
computed by the theory. For this reason, then, the Newtonian force pre-
dictions are not included in Fig. 7, which is a summary of the force
results. Instead, the present data are compared with the results at
Mach 9 presented in an unpublished North American Aviation report on
the FS-1 configuration. These results are shown as a faired solid curve
in Fig. 7. Regarding the comparison of the present data with the Mach 9
results, the axis systems for the present results were re-oriented such
that the heat shield being windward corresponds to @ = 0 rather than
180 deg which is the system used for the Mach 9 data. Figure 6 shows the
positive directions of the model coefficients and the position of the cg
considered for the present tests.

Examination of Fig. 7 shows that the present data agree very well
with the Mach 9 data, indicating an insignificant Mach number effect
between Mach 9 and 19. The present data indicate that the FS-4 configu-
ration trims at an angle of attack of about 35 deg with trim lift and drag
coefficients of -0.49 and 0.97, respectively. These values yield an
(L/D)trim = -0.505 and a trim static margin of 0. 487d.

4.0 CONCLUDING REMARKS

The results of the present investigation show that the pressure dis-
tribution on the Apollo shape can be adequately predicted by Newtonian
theory, that to a first-order approximation the Newtonian theory can be
used to predict the forces on the Apollo configuration, and that there
appears to be no significant Mach number effect between Mach 9 and 19
on the pressure and force results for the Apollo shape.
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NozzLe TEST SECTION
MODEL SUPPORT

ALTERNATE
MODEL MOUNTINGS

2= 7 0%

”

= [ l

WINDOW VACUUM TANK

ARC CHAMBER
OPERATING MECHANISM
ARC CHAMBER

\\x

W

3
FEET = -

Assembly

Arc Chamber, Nozzle, and Test Section

Fig. 1 The 50.in. Hypervelocity Tunnel (Hotshot 2)
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b. PS-4 Installed in Tunnel

Fig. 3 Continved
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c. FS-4 Showing Balance Mounting
Fig. 3 Continued
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FS-4 Installed in Tunnel
Fig. 3 Concluded
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Solid Curve - Modified Newtonian Theory.

0 1.0

a. a=0deg b. a=20deg

c. a=40deg d. a=60deg

Fig. 5 Measured Pressure Distribution on P$-4
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+ CNN\

. X = 4.2276 in.
]\AN\ Z=0.36341in.
0[I - Balance Axis

~/

Fig. 6 Sketch of Model Showing Positive Directions of Model Coefficients
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Faired M = 9 Data

10 20 30 40 50 60
Angle of Attack, deg

Fig. 7 Data Plots of Ci, Cp, and Cmeg
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. Fig. 8 Typical Schlieren Photograph of PS-4 Model
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